Vaccines against avian influenza are mostly based on hemagglutinin (HA), which is the main antigen of this virus and a target for neutralizing antibodies. Traditional vaccines are known to be poorly efficient against newly emerging strains, which is an increasing worldwide problem for human health and for the poultry industry. As demonstrated by research and clinical data, sequential exposure to divergent influenza HAs can boost induction of universal antibodies which recognize conserved epitopes. In this work, we have performed sequential immunization of laying hens using monovalent or bivalent compositions of DNA vaccines encoding HAs from distant groups 1 and 2 (H5, H1, and H3 subtypes, respectively). This strategy gave promising results, as it led to induction of polyclonal antibodies against HAs from both groups. These polyclonal antibodies showed cross-reactivity between different HA strains in ELISA, especially when bivalent formulations were used for immunization of birds. However, cross-reactivity of antibodies induced against H3 and H5 HA subtypes was rather limited against each other after homologous immunization. Using a cocktail of HA sequences and/or sequential DNA vaccination with different strains presents a good strategy to overcome the limited effectiveness of vaccines and induce broader immunity against avian influenza. Such a strategy could be adapted for vaccinating laying hens or parental flocks of different groups of poultry.
INTRODUCTION
Avian influenza, which is caused by Influenza A virus has been recognized since the middle of 20th century, for causing mild or no symptoms in wild birds and occasional epidemics in domestic poultry. Since the 1990's, avian influenza outbreaks have occurred more often and have had a greater impact on domestic birds (Alexander, 2007) . Several serious epidemics have taken place since then in Mexico, Pakistan, Italy, Netherlands, Canada and, importantly, in China (Sonnberg et al., 2013) . Specifically, southeast Asia has become the main source of new highly pathogenic avian influenza viruses belonging to numerous subtypes, such as H5N1 (Chen et al., 2016; Harfoot and Webby, 2017) , H7N9 and H9N2 (Pu et al., 2015; Zhu et al., 2015; Chen et al., 2016) H5N5, H5N6, and H5N8 (de Vries et al., 2015; . Moreover, studying recent epidemics of H5N8 viruses in 2014 and 2016 showed that, under favorable circumstances, migratory wild birds can easily C 2018 Poultry Science Association Inc. Received May 23, 2018. Accepted August 5, 2018. 1 Corresponding author: E-mail: annag@ibb.waw.pl spread the virus throughout the world in just 1 season (Lee et al., 2015; Bevins et al., 2016; Russell, 2016) . Therefore, the control of avian influenza is an issue of great importance, and development of efficient vaccines and vaccination strategies to protect poultry is needed.
Two issues with efficient vaccination against influenza are the high variability of hemagglutinin (HA), the main virus antigen and major target of neutralizing antibodies, and fast virus evolution. Traditional inactivated vaccines are usually highly strain specific and show no cross-protection in the field. Many efforts have been made to broaden vaccine reactivity to make them more universal and increase possible protection against future pandemic viruses (Soema et al., 2015; de Vries et al., 2016; Liu et al., 2016) .
One strategy is to compose polyvalent vaccines that include a cocktail of HAs originating from different strains. For example increased antibody titers, as well as cross-reactivity, were observed after polyvalent vaccination with different antigens from H5 (Rao et al., 2008; Wang et al., 2011; Zhou et al., 2012; Kapczynski et al., 2016) , H2 (Lenny et al., 2017) , H3 (Ault et al., 2012) , and H5 with H7 (Kodihalli et al., 2000) subtypes, in comparison to monovalent vaccination. This strategy is, in essence, used in seasonal human vaccines, where 199 3 or 4 influenza strains are present (H1N1, H3N2, and B viruses). However, their short-term effectiveness suggests that traditional inactivated vaccines, which contain divergent strains, are not able to induce reactive antibodies to universal epitopes.
Another strategy is to perform sequential heterologous prime-boost immunization using different HA variants from different strains. This strategy redirects the immune response against common epitopes, possibly by breaking the immunodominance of the variable head domain. In several reports, increased cross-reactivity against heterologous antigens has been observed after such prime-boost vaccinations in comparison to homologous vaccinations. Importantly, the order of application of antigens is often crucial, and not all HA variants are equally effective (Ikeno et al., 2011; Vergara-Alert et al., 2011; Gao et al., 2012; Schwartzman et al., 2015; Van Reeth et al., 2017) . In another example, using different chimeric HAs, comprising "exotic" globular head domains for sequential immunization resulted in an increase in the pool of antibodies recognizing stem domain epitopes, which shows high cross-reactivity between distinct HAs and demonstrates neutralizing properties Margine et al., 2013) . Other detailed studies also provide evidence that titers of broadly reactive stem domain antibodies in humans increase with age, very likely due to repeated exposure to divergent influenza viruses (Miller et al., 2013; Nachbagauer et al., 2016) . This observation made the strategy of sequential immunization with different strains highly reasonable, especially since the situation in intensive poultry farming is different to that for wild birds (or humans), due to short life span and being kept in isolation. Therefore, there is no time or possibility to induce broadly reactive antibodies naturally, thus a tailored vaccination program could present a solution.
DNA vaccines, which induce synthesis of antigens in host cells offer simple but effective means of inducing broad-based immunity (Kutzler and Weiner, 2008; Khan, 2013) . They have certain advantages over conventional vaccines, for example the construction of DNA vaccines is easy, a mixture of plasmids could be used to form a broad spectrum vaccine, they are more stable, their manufacturing and storage is cost-effective, and their use permits the application of the DIVA strategy (Li et al., 2014a) . In comparison to conventional vaccines the immunogenicity of DNA vaccines, especially in large animals is usually lower thus besides boosting strategy many other strategies to improve their efficacy are applied (Saade and Petrovsky, 2012; Khan, 2013; Kobiyama et al., 2013; Xu et al., 2014; Stachyra et al., 2014b) . For example, codon optimization of HA encoding sequence (Jiang et al., 2007; Shan et al., 2011; Stachyra et al., 2014a) , various biological adjuvants (Jalilian et al., 2010; Oveissi et (Shan et al., 2011; Ogunremi et al., 2013) , prime-boost strategy with plasmid DNA and recombinant antigen (Stachyra et al., 2017a) and others were studied during vaccination of poultry against influenza.
As presented above, experiments with broadly reactive vaccines are frequent aims of research concerning influenza viruses, but many studies focus on intrasubtypic immunity. Our goal was to investigate the effect of multivalent-heterologous immunization of chickens, using a wide representation of HAs derived from different hosts and subtypes. In this study, we performed sequential vaccination of laying hens with bivalent or monovalent DNA vaccines encoding HAs from distinct strains belonging either to group 1 (H5, H1) or group 2 (H3). We observed the presence of broadly reactive antibodies and demonstrated that this strategy was effective. Immunization of naïve poultry with divergent HA vaccines could be a promising strategy to protect parental flocks or laying flocks, which live longer, against the avian influenza virus.
MATERIALS AND METHODS

Plasmid DNA Vaccines
Genes encoding several variants of influenza virus hemagglutinins were synthesized by Thermo Scientific (Germany), with the exception of the gene from A/swan/Poland/305-135V08/06, which was synthesized earlier by GenScript (www.genscript.com). All sequences were cloned into a pCI vector (cat.# E1731, Promega, Madison, WI, USA). Final constructs were named according to the subtype to which they belonged ( Table 1 ). The amino acid sequence alignments and the phylogenetic tree of the used HAs are shown in Supplementary Figures S1 and S2, respectively.
Plasmids were propagated using the E. coli DH5α strain. The bacterial cultures were incubated in Luria-Bertani medium supplemented with ampicillin (50 μg/mL) at 37
• C with constant shaking (250 rpm) overnight. The flasks used were 4 times the volume of the medium. DNA plasmids were isolated with NucleoBond PC 10,000 EF Giga-scale purification kit (cat.# 740,548, Macherey-Nagel, Duren, Germany). DNA was resuspended in PBS and, prior to immunization, Lipofectin Reagent (Invitrogen, cat. # 18,292,037, ThermoFisher Scientific; https://www.thermofisher.com/) was added in the ratio of 6:1, according to the manufacturer's protocol and as described earlier (Stachyra et al., 2017b) .
Immunization Experiment
Animal Ethics. Experiments were approved by the Second Local Ethical Committee for Animal Experiments at the Medical University of Warsaw, Permit Number 17/2009. All efforts were made to minimize suffering. All applicable international, national, and/or institutional guidelines for the care and use of animals were followed. At the end of the experiment the chickens were humanely euthanized by cervical dislocation. Immunization. The experiment was performed in the experimental station of Warsaw University of Life Sciences (SGGW). The 17 to 19-wk-old laying hens (ISA Brown) were kept in individual cages, in the standard farm conditions according to the ISA Brown Management Guide (www.hendrix-genetics.com). Hens were given a standard laying diet based on soybean meal as the main protein source. Birds were immunized with DNA vaccine in breast muscle via syringe; a single dose comprised 250 μg of the plasmid DNA. Four experimental groups (n = 3) received 2, 3 or 4 doses of different vaccine formulations: (1) H3N2 monovalent vaccine, (2) H5N1 monovalent vaccine, (3) H5N1/H3N2 bivalent vaccine, (4) H3N2/H3N2' bivalent vaccine, and (5) H5N8/H1N1 bivalent vaccine. The vaccine formulations were based on the plasmids listed in Table 1 . The immunization schedules and vaccine combinations are presented in Figures 1-4 . The negative control group (n = 2) received 3 doses of empty pCI vector. Blood samples were collected from each hen at 2, 4, 5, 6, 7, 8 or 10 wk post-initial immunization (wk p.i.), depending on the immunization schedule.
Immunological Analysis
Sera from immunized birds were used to monitor the dynamics of the humoral response. An indirect ELISA test with different antigens, representing subtypes used in vaccine composition (H5N1, H3N2, H5N8, and H1N1), homologous or distinct to vaccine strains was used to examine IgY cross-reactivity. A list of the used antigens is presented in Table 2 .
Indirect ELISA. Plates (96-well) were coated with 6 μg/ml of HA protein (Oxford Expression Technologies, England; https://oetltd.com/; recombinant HA protein produced in baculovirus system) or 2 μg/ml of HA protein (Immune Technologies, USA; www.immune-tech.com; recombinant HA proteins produced in mammalian cells) and incubated at 2 to 8
• C overnight. Next, the 1000 times diluted sera or IgY samples purified from the egg yolks were added and incubated at 2 to 8
• C overnight. The next day, plates were incubated with peroxidase-conjugated antibody goat anti-chicken IgY (Thermo Scientific) for detection of HA-specific antibodies. The enzymatic color reaction was generated using TMB substrate (Sigma), and the absorbance value was measured at 450 nm using a Synergy/HT microplate reader (BioTek).
Competitive ELISA. Assay was performed with the selected sera (dilution 1:5) according to the manufacturer's protocol using ID Screen Influenza H5 Antibody Competition kit (ID-Vet, France). The results were expressed as S/P values using the cutoff recommended in the manual: S/P < 35%, positive; S/P > 40%, negative; and S/P 35 to 40%, doubtful result.
Hemagglutination Inhibition Test (HI).
Test was performed according to the OIE standard procedures using the inactivated antigen from the H5N2 strain A/chicken/Belgium/150/1999 and the H3N2 strain A/swine/Flanders/1/98 (DG Deventer, Netherlands). The sera to be tested was serially diluted in 25 μl of PBS, and an equal volume of HA antigen containing 4 HA units was added. After incubation for 25 min, the suspension of hen red blood cells was added and incubated for 25 min at RT. The reciprocal of the highest dilution of sera that completely inhibited hemagglutination was regarded as the HI titer.
Statistical Analysis. Comparison of IgY levels was performed using Statistica 12 software, ANOVA for comparison of multiple groups and Student's t-test (unpaired) for comparison of 2 groups. A value of P < 0.05 was considered significant.
IgY Purification from the Egg Yolks
Isolation of IgY from the egg yolks was performed using the Pierce Chicken IgY purification kit (Thermo Scientific) from the eggs collected after the last dose from the hens of the HET-2 group. Cross-reactivity of the obtained antibodies was checked by the ELISA test.
RESULTS
Indirect ELISA
The presence of antibodies against influenza HA induced in chickens after sequential immunization with different DNA vaccine formulations was analyzed using an ELISA test with a panel of HA antigens. All birds responded well to the vaccine, and a comparison of all 4 experimental groups was performed. In the HOM-1 group, which received 2 doses of the monovalent H3N2 vaccine, we observed a moderate level of serum Table 2 . ANOVA was used to determine the significance of the differences; * * indicates P < 0.01. Table 2. antibodies recognizing H3 HA after the prime dose, which was apparently increased after the boost dose and stayed at a stable level until 8 wk p.i. (Figure 1 ). In serum of 1 out of 3 birds from the HOM-1 group (immunized twice with the monovalent H3N2 vaccine) a background reactivity with H5 HA was observed, which was assumed as a non-specific signal and did not interfere with further observations.
In the HOM-2 group, which received 3 doses of H5N1 vaccine, the induction of a low level of antibodies recognizing H5 HA was observed after the prime dose. This H5 HA-specific humoral response was significantly increased (P = 0.024) after the first boost dose, was decreased in 2 out of 3 birds after the second boost dose, and was found to be even lower 10 wk p.i. (Figure 2 ). We also observed higher deviations in this group (1 bird responded only moderately) and noticed background reactivity (presumably a non-specific signal) with H3 HA in 1 of 3 birds.
Interesting observations were made in the HET-1 group, which received 3 doses of the vaccine, namely 2 doses of the bivalent H3N2 vaccine and 1 dose of the bivalent H5N8/H1N1 vaccine. A high content of anti-H3 antibodies (but no cross-reactivity with H5N1, H5N8, and H1N1 antigens) was observed after the first 2 doses of the vaccine. After the second boost with the vaccine containing different subtypes, only a minimal induction of antibodies against H5N1 and H5N8 was visible, and no reactivity with H1 was achieved. The level of anti-H3 antibodies remained stable until 8 wk p.i. (Figure 3) .
The fourth group, HET-2, received 4 doses of the vaccine: monovalent H5N1 as a prime dose, monovalent Table 2 . ANOVA was used to determine the significance of the differences; * * * (P < 0.001) indicates differences between H3N2 and other antigens (H5N1, H5N8, and H1N1). Table 2 . ANOVA was used to determine the significance of the differences; * , * * , and * * * indicate P < 0.05, P < 0.01, and P < 0.001, respectively. Table 2 . ANOVA was used to determine the significance of the differences; * indicates P < 0.05.
H3N2 as a first boost dose, bivalent H3N2/H5N1 as a second boost dose and bivalent H5N8/H1N1 as a third boost dose. After the first 2 doses, a relatively high level of anti-H5 HA antibodies and a moderate level of anti-H3 HA antibodies was observed. Both were increased after the third dose (bivalent H3N2/H5N1), and some cross-reactivity against the H5N8 antigen was induced by this booster. In 1 of 3 hens, crossreactivity with H1 HA (regarded as unspecific) was observed. After the fourth dose of the vaccine (bivalent H5N8/H1N1), both anti-H5 or anti-H1 antibody levels were significantly increased (P = 0.007 or P = 0.034, respectively), but the level of anti-H3 antibodies was reduced (Figure 4) . Additional ELISA analysis with other antigens performed with sera from week 10 (for H5 antigens) and from week 6 (for H3 and H7 antigens) showed high cross-reactivity of induced IgY with 2 H5 antigens from the same and separate lineages and distinct H7 antigen, but moderate cross-reactivity with distinct H3 antigens ( Figure 5A ). Additional ELISA tests with IgY purified from the eggs collected at the last (10th) week of the experiment showed high cross-reactivity with all 4 HA antigens (H5N1, H3N2, H5N8 and H1N1; Table 2 ) used for immunization of the hens in the HET-2 group (Supplementary Figure S3) .
Hemagglutination Inhibition
The HI test was performed only with the serum samples from the selected groups at the chosen experimental points. The HI titers measured in the HET-2 group were higher against the H5 antigen (range 62 to 256) than the H3 antigen (range <8 to 16), which could be related to the fact that H3 DNA sequences used in the vaccine and the inactivated antigen used in the HI test were not from the avian strains. However, the seroconversion in this group was 100% and 66% for H5 and H3, respectively, 6 wk p.i. (Figure 6A ). Interesting differences (P = 0.047) in HI titers were also observed between the HET-1 group and the HOM-1 group, where 2 The HI titers in HET-1 and HOM-1 groups measured 4 wk post-initial immunization (w.p.i.) using H3N2 inactivated antigen. Results are presented as raw data (♦), median (-), and 10th to 90th percentiles ( ). The used HA antigens are indicated in Table 2 . ANOVA (A) and student t-test (B) were used to determine the significance of the differences; * indicates P < 0.05.
doses of the bivalent H3 composition resulted in much higher HI titers than 2 doses of monovalent H3 composition, respectively ( Figure 6B ).
Competitive ELISA
Sera from the HET-2 group were also examined with the competitive H5 ID Screen ELISA test. The anti-H5 levels at the end of the experiment (10 wk p.i.) were prominent: all 3 birds were positive and 2 of them achieved very high titers. Importantly, such a high level of anti-H5 antibodies was not seen after the first dose of the H5 vaccine (none of the birds were positive), nor after the first boost with the H3 vaccine. The second dose of H5 allowed high competition titers to be achieved, which even increased after the third dose ( Figure 5B ).
DISCUSSION
Heterologous prime-boost influenza vaccine administrations seem to be a good way to improve vaccine efficacy and broaden reactivity of antibodies, similar to the polyvalent vaccine formulations. Successful usage of this strategy against avian influenza has already been reported. However, the main serological test used for the response monitoring was mostly HI, which shows only the titers of the globular head domain-specific antibodies and may omit important common epitope antibodies specific to the stem domain. On the other hand, broadly reactive vaccine approaches focused mainly on the "human" universal vaccine with human seasonal or pandemic strains, using mice (or other mammals) as a model (Hashem, 2015; Neu et al., 2016) and not many researchers have worked on poultry subjects so far. Domestic poultry is usually infected with H5, H6, H7, and H9 subtypes (Chen et al., 2017; Verhagen et al., 2017) , which belong to the group 1 and 2 HAs. Thus, we decided to use very distinct HA strains to maximize the breadth of the immunological response. Two avian H5 constructs were prepared, one originating from clade 2.2. of Asian lineage of H5N1 (Li et al., 2014b) , the second originating from the recent outbreaks of H5N8 in Europe (Conraths et al., 2016) . Other vaccine plasmids were based on the HA from the viruses isolated from pigs in 2014 (H3), humans in 1992 (H3) or humans in 2012 (H1). The set of HAs was then diverse in terms of the hosts, geographic regions, subtypes, and the year of circulation.
Two groups of birds received 2 homologous doses of the monovalent immunizations with either H3 (HOM-1) or H5 (HOM-2) HA DNA vaccine, whereas the other 2 groups (HET-1 and HET-2) received several heterologous sequential immunizations with different combinations of the HA DNA vaccines. The most multivalent composition was administered in the HET-2 group (Figure 4) . The HOM-1 and HOM-2 groups were expected to develop no or low cross-reactivity and to serve as reference points, whereas the HET-1 and HET-2 groups were expected to develop a greater level of cross-reactivity. Indeed, 2 doses of monovalent DNA vaccines gave a high anti-HA IgY response (ELISA); however, the response was significantly stronger after administration of the bivalent formulation, which was especially apparent in the HI test (P = 0.047) ( Figure 6B ). Moreover, comparison of the results of the HET-2 and HOM-2 groups indicates that the longer time spacing between doses of the same strain results in a stronger humoral response, presumably because early application of the next dose suppresses the immunological response. This phenomenon was observed when comparing anti-H5 levels in these 2 groups: 3 doses of the H5 vaccine at 2-wk intervals gave a decreasing level of anti-H5, whereas 3 doses of H5 vaccine given at 4-and 3-wk intervals gave a high and stable level of anti-H5 antibodies (Figure 2 vs. Figure 4) . However, in our previous studies, the immunization protocol comprising of 2-dose immunization with 2-wk interval was successful and protective (Stachyra et al., 2014a) . The current results indicated that to achieve a boost effect with the third dose of the vaccine (after successful induction of the antigen-specific antibodies with the 2 former doses), a longer interval between immunizations is necessary. Otherwise, the immune response may be silenced, as in the case of 2 of 3 hens in the HOM-2 group.
In the HET-1 group, a single dose of bivalent H5/H1 vaccine administered 3 wk after 2 doses of H3/H3' immunization apparently failed to induce anti-H5 and anti-H1 antibodies. This suggests that a single dose of the heterologous vaccine (from a different phylogenetic group) is not sufficient to redirect the response, and a subsequent booster immunization might be needed. This assumption was generally confirmed by the results obtained in the HET-2 group, where alternating vaccinations with H5, H3, H1 HA sequences resulted in the induction of antibodies against all strains, including H1, which was present only in 1 dose (the fourth) of the vaccine. Data from both groups support the statement that it is more likely to induce response after 1 dose in the naïve hosts than to redirect the response and induce antibody against distinct strains in effectively primed hosts. This phenomenon is likely connected with the "original antigenic sin" (Vatti et al., 2017) and is an important issue in developing efficient influenza vaccination programs. The occurrence of the "antigenic sin" can also explain other effects observed in the HET-2 group, where the H3 vaccine was administered second, and resulted in a less durable level of H3-specific IgY than the H5 vaccine (Figure 4) . The dynamics of anti-H3 and anti-H5 IgY are also in agreement with the general statements that due to the phylogenetic divergence, the cross-reactivity of antibodies against HAs from groups 1 and 2 is very limited. Usually, only a small fraction of antibodies recognizing the conserved epitopes shared between HAs from both groups, is induced after immunization or infection (Hashem, 2015; Corti et al., 2017) . In our study, vaccination with the H5 vaccine primed antibodies recognizing H1, but not H3, since no increase in the anti-H3 IgY level was observed after the last vaccination dose (Figure 4) . However, the additional ELISA test performed with an extended panel of antigens revealed some surprising results ( Figure 5A ). It was not surprising to observe the cross-reactivity of IgY from the HET-2 group with the distinct H1 and H5 strains, since the phylogenetic distance between H5 and H1 is relatively close and could promote induction of the antibodies recognizing common epitopes. However, the high reactivity with the H7 antigen and the simultaneous moderate reactivity with H3 antigens (both belong to group 2) was unexpected. One possible explanation could be that the H7 strain used as a source of antigen was from the highly pathogenic (HP) avian virus isolated from chicken, and it includes some HP viral adaptation to the poultry hosts, common with HP H5 subtype strains, which most likely also concerns HA epitopes. The cross-reactivity between H3 and H7 was not expected because their phylogenetic distance is quite large, despite belonging to the 1 group. The phylogenetic tree of the used HAs is presented in Supplementary  Figure S2 .
It should be stressed that, the HI titers measured in the HET-2 and HET-1 groups against H5 antigen was over 62 and 32, respectively ( Figure 6 ). In poultry HI titers that are needed for protective immune response is assumed to be 16 thus we could expect high protection in the case of contact with influenza virus subtype H5.
In conclusion, analysis of the humoral response induced after multivalent sequential immunizations, showed interesting trends and has deepened our knowledge on the hen immunological reaction to the DNA HA-based vaccine against influenza. Sequential heterologous immunizations seem to be a promising strategy for inducing broad cross-subtype immunity, which is much needed for protecting poultry against the quickly evolving influenza virus.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Table 2 ). Data are presented as mean OD value for 2 IgY probes (each purified from 1 egg of an independent individual from group HEK-2 collected 2 wk after final immunization -10 wk post-initial immunization; 10 wk p.i.), with SD indicated.
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